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SUMMARY 

An investigation of rotating s ta l l  and surge at  low and intermedi- 
a t e  speeds w&s conducted on a 10-stage  subsonic axial-flaw research 
compressor. The fluctuations of rotating stall and surge were detected 
by hot-wire anemmueters and pressure  transducers. 

A t  50 percent of design speed the flow fluctuations accongxmybg 
rotating s ta l l  were found a t  a l l  weight flows. The n W e r  of stall 
regions i n  the stall  pattern  varied from three a t  the highest weight 
flow  investigated t o  seven near the surge  point. A t  60 percent of 
design  speed on ly  the s ta l l  patterns with three and four  s ta l l  regions 

with three stall regions was found. For a l l  stall  patterns  obtained, 
the stall regions  revolved  about the compressor axis in  the direction of 

. were obtained, and a t  70 percent of design speed only the stall pattern 

I) compressor rotation a t  about 57 percent of conqressor  speed. 

The amplitude of the flow  fluctuations of stall was greatest in the 
first four stages and diminished s " t  in the latter stages. In the 
f i r s t  four  stages  the amplitude of the fluctuations was greatest a t  the 
t ip   sect ion and somewhat less a t  the h a  section. 

An analysis of the possibi l i ty  of compressor blade vibration  indi- 
cated  that only the m e t  guide vanes and f i r s t  s t a to r  were i n  danger of 
fatigue  failure from resonant  vibrations  excited  by  rotating stall. The 
in l e t  guide vanes were the only blades t o  exhibit fatigue  cracks during 
the course of the investigation of this conpressor. 

The hot-wire anemometer and pressure  trmsducer data obtained  dur- 
ing surge a t  50 percent of design speed indicate that the surge  pulse 
was initiated by a general breakdown of flow i n  the compressor which 
resul ts  i n  a rotating stall pattern w f t h  a single-stall  region  extending 
from the compressor i n l e t   t o   t he  compressor exi t .  A t  the minimum flaw 
r a t e  during a surge  pulse the s t a l l  region  spread  circumferentially t o  
cover the complete annulug of the compressor. The flow rate  then 
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increased t o  a value greater than thet a t  w h i c h  stall occurred and the 
compressor was momentarily relieved of stall, a t  which time the flow 
r a t e  fSrst increased  considerably and then  gradually  decreased to the 
value f o r   s t a l l  and the cycle was  repeated. The compressor discharge 
pressure drop during a surge  pulse was 75 percent of the pressure  rise 
prior t o  surge. 

INTRODUCTION 

Operation of multistage axial-flow comgressors at  low and inter-  
mediate  speeds generally results in  stall of the inlet-stages.  Refer- 
ence 1 presents a discussion of the variation of inlet stage flow c o d -  
ficlent  with compressor rotational speed and weight flow and shows that 
stall in  the inlet   stages may exist over  a large p a t  of the coqpressor 
operatlng  range a t  lcw compressor speeds. 

co tn 
t- 
N 

S t a l l  o f  any stage of a compressor may produce large  spacial   peri-  
odic flow fluctuations  within  the conpressor.  References 2 t o  4 estab- 
l i s h  the c a m  of these flow fluctuations  to  be  the low flm regions 
within  the compressor that rotate  about the coinpressor axis,  generally 
i n  the  direction of rotor  rotation. The single-stage  data  presented in 
references 4 and 5 indslcate that the  rotational speed of the stall 
regions i s  proportional t o  the compressor rotational speed and that the 
r a t i o  of the  rotative speed of the s t a l l  regions to   the  rotor speed 
depends on the rider of equally spaced stall regions in the stall c 

pattern. 

Rotating s t a l l  is  of importance in  several  present-day compressor c 

problems. S t a l l  of one stage in a multistage compressor may deteriorate 
the performance of several  adJacent  stages, as discuseed i n  references 6 
and 7. Unfavorably shaped surge lines and poor efficiency at luw and 
intermediate speeds  axe evidently  influenced by the magnitude  and type 
of r o t a t i %   s t a l l  and attendant  stage  interaction  effects. Reference 5 
has established that resonant  vibration of  compressor bl&ding can be 
excited  by  rotating  stall.  The investigation (ref. 5) was conducted on 
a single-stage compressor so that  the complete significance of rotating 
stall i n  vibration problems with multistage  conpressors has not been 
established. 

The purpose of the  investigation made at the NACA Lewis laboratory 
and reported  herein was t o  study rotating stall i n  a 10-stage  axial- 
flow compressor and t o  investigate the connectionbetween s t a l l  and 
surge. Conditions a t  which resonant  blade  vibrations  excited by rotat-  
i n g  s t a l l  were likely were also determined. . 

H o t - w i r e  memometer measurements of the flow fluctuations of rotat-  
ing stall were made at  the t ip,  mean, a d  hub radii in the first, second, 
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third,  fourth,  fifth, seventh, and tenth  stages at 50, 60, and 70 per- 
cent of design speed. The flaw fluctuations of surge were  llleasured a t  

enmaueters. 
I 50 percent of design speed with pressure transducers and hot-wlre 

The following synibols are used trt this report: 

. APC 

z f=S 

refer t o  rad ia l  s t a t ions  (see  table I) 

natural  bending  frequency of compressor blade 

natural be- frequency a t  any rotor  speed 

natural bending  frequency at  stationary  conditions 

frequency with which stall regions pass anemometer probe 

rotat ional  speed of s t a l l  regions, r p s  

compressor rotat ional  speed, r p s  

stagnation  pressure,  lb/sq in. 
ra t io  of local  radius t o  t ip   radius  

vexocity, f t /sec 

weight flaw, lb/sec 

time increment on oscillogrambetween  appearance of s t a l l   a t  
one  anemometer s ta t ion and appearance of stall on other 
anemometer 

axial  distance, in. 

angle between two anemometer probes 

ratio of stagnation  pressure at  coqpressor i n l e t  Po t o  
standard  pressure of 14.7 lb/sq in. 

compressor pressure  r ise   a t  surge  point 

change i n  stagnation  pressure  during  surge 
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V 

P 

average peak to  peak variation in  weight flow ra t e  divided 
by  weight-flow r a t e  based on time  average  current 
through anemometer probe 

-le of sp i ra l  of s t a l l  region  (see fig. 16) 

r a t io  of stagnation  teqperature at  compreseor i n l e t  TO 
t o  standard temperature, 518.6O R 

rimer of stall regions in stall pattern 

angle between s t a l l  regions 

density,  lb/cu f t  

weight- flow rate, B/( sq ft) ( sec) 

weight flow r a t e  based on time  average  current  through 
anemometer probe 

0,2,3, . . . refer  t o  axial   station  in  campress~r ( s e e  f i g .  1) 

Superscripts: 

1 re la t ive   to  rotor blading 

value  based on signals from an-ter probes a t  differ- 
ent axial stations 

Apparatus. - The comgressor used for this investigation was a 
20-inch t i p  diameter, 10-stage sLibsonic axial-flow  research compressor 
designed f o r  a pressure r a t i o  of 6.45 and an equivalent weight flow of 
57..5 pounds per secona.. The compressor ms.designed f o r  symmetrical 
velocity diagrams.and  approximately constant  stagnation  enthalpy  increase 
a t  a l l  radii. A detailed  study of the aerodynamic design is presented 
i n  reference 8 and a preliminary analysis of the over-all  performance 
and a description of the t e s t   f a c i l i t y  and Fnstrumentation used for 
obtaining  over-all -performance is  given i n  reference -9. 

Instrumentation. - T h e  flow fluctuations of ro ta t ing  s t a l l  were 
detected and  measured by constant-temperature hotAwire anemometers The 
anemometer system used is described i n  reference 10. The anemmeter 
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probes used w e r e  wired  with 0 0002-inch-di&ter  tungsten w i r e  with an 
unplated  length  (effective  length) of 0.08 inch. The w i r e  element of . the probes used was mounted perpendicular to   the  probe axis. 

Anemometer probes were instal led i n  radial survey  devices a t  eight 
axfal   stations between 2 through 22 as s h m  in figure 1 (stat ion num- 
bering system is the same as tha t  used in ref. 9) The wire element was 
oriented normal t o  the flow direction determined by an angle measuring 

N device. Two or more probes w e r e  ins tal led at stations 2, 3, and 10, 
co with one probe i n  a circumferential  survey  device a t  each of these sta- 4 

cn tions in  order t o   f a c i l i t a t e  the determination of the rimer of seal1 
regions i n  the amulu8 at  each operating  condition (see ref. 4) . The 
number of s t a l l  regions was  determined a t  three &a1 stations Fn order 
t o  determine whether the nw&er of stall regions was the same at  a l l  
axial stations.  The radial surveys w e r e  made to determine the radial 
variation in aaplitude of the flow fluctuations of rotating stall. The 
radial positions a t  each axial s ta t ion where data w e r e  -taken are  given 
in  table I. 

The anemometer signals were  viewed or photographed two at a time an 
a dual-beam oscilloscope. 5 e  frequency with which stall regions  passed 
an anemometer s ta t ion was determined  by forming Lissajous  figures with 
the  a id  of an  audio-frequency o s c i U t o r  (see ref. 11) . 

Strain-gage-type  pressure  transducers w e r e  installed at axial sta- 

pressure  fluctuations  during  surge. Casing s t a t i c  and stagnation  pres- 
sure fluctuations a t  midpassage were measured a t   s t a t ion  0. A t  the 

surge were measured at  s ta t ion 23 and midpassage stagnation pressure 
fluctuations w e r e  measured at  station 24. The presaure  transducer  sig- 
nals  obtained  during surge w e r e  recorded  along with an anemometer signal 
on a  recording  oscillograph- 

- tions 0, 23, and 24 of figure 1 t o  measure the s t a t i c -  and stagnation- 

I coqressor discharge,  outer wall static-pressure  fluctuations  during 

Procedure. - At 50, 60, and 70 percent of design speed the w e i g h t  
flow ra t e  through the compressor was varied from that value at  which the 
compressor discharge static  pressure was approxbately  equal t o  the com- 
pressor  Inlet  stagnation  pressure  to the value a t  which surge  occurred. 
Radial and circumferential surveys w e r e  taken at  the highest w e i g h t  flow 
rate a t  which any given s ta l l  pattern could  be  obtained. The  number of 
stall regions in each stal l  pattern and the amplitude of the flow f luc- 
tuation w e r e  determined by the methods out l ined in reference 4. US- 
much as  the stall regions may extend some dis”tance axial ly  through a . 
compressor, it i s  of in te res t   to  know the extent d the spiraling motion 
of a stall  region  as it passes  through a compressor. The method used t o  . determine the angle of spiral is given in appendix A. 
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Following the  investigation  reported in  reference 9, inspection of 
the compressor revealed cracks in  the  inlet  guide vanes whhh  necessi- 
ta ted  their  replacement. The over-all  characteristics of the compressor 
with the neW set of inlet guide vanes m e  sham in figure 2 .  The per-' 
formance was substantially the-same as wfth the  original  set  of guide 
vmea  (ref.  9) .  Additional  surge  point data obtained in the speed  range 
between 70 and 80 percent of design speed revealed a s l ight  knee in  the 
surge l i ne  i n  this speed  range. 

Stall   patterns.  - The rad ia l  and c i r c w e r e n t i a l  survey vith  hot- 
wire  anemomters a t  compressor speeds of 50, 60, and 70 percent of 
design speed indicated the  presence of ro ta t ing   s ta l l  in the comgressor. 
The weight flow and speed range far each stall pattern  obtained arrd the 
n W e r  of s t a l l  regions in  each s ta l l   pa t te rn  are sham in figure 3. 
Although the  point of transit ion fram one s ta l l   pa t te rn  t o  another wae 
determined several times fo r  each stall pattern and a t  each speed, some 
small v a r i a t i o n s  in the  data were evident. The contours on figure 3 
indicate  the  highest weight flow a t  which each stall pattern was 
observed. Inasmuch a8 the  contours  separating  the  operating  regions 
for each n&er of stall regions m e  based an only one point or, at the 
most, two points,  they m u s t  be  coasidered  agproxhmte. At-50 percent 
of design speed, three s t a l l  regions were found at the highest weight 
flaw investigated. As the weight flow was reduced the number  of s t a l l  
regions  increased from three t o  four, from four  t o  f i v e ,  and so on up 
t o  seveh stall regions ne= the surge  point as indicated. A t  60 percent- 
of design speed there were no fluctuations of rotat- s t a l l   a t   t h e  
highest weigh-law investigated. As the weight flow was reduced, 
rotating stall with three stall  regions in the   s ta l l   pa t te rn  was 
obtained, as  sham in figure 3. As the weight flow was further reduced 
the rider of s t a l l s  changed from three t o  four. The pattern  with four 
s t a l l s  remained up t o  the surge  point. 

. . .  . .. 

. . . . . . . . .  

A t  70 percent of design speed only the stall pattern  with  three 
stalls was found. A t  the weight flow where this stall p t t e r n  was first 
obtained the fluctuations were intermittent,  that is, they  ameared and 
disappemed  on.the  oscilloscope  screen,  possibly because of a mild 
inaudible  instability surge, but-became quite  regular  as  the flow was 
further reduced t o  the value -indicated i n  figure 3. From the contours 
of constant h and the surge l ine   in   f igure  3, it i s  apparent tha t  
ro ta t lng   s ta l l  would not be obtained in  the surge-fYee operating range 
above about 75 percent of design .speed. The followiig taijle summarizes 
the  data  obtained  with  regard t o  the frequency with which a s t a l l  region 
passed an anemometer probe fs, the   nWer  of stalls i n  each stall  
pattern h, the  rotational speed of the s t a l l  regions h, a d  the   ra t io  
of stall speed t o  compressor speed h/N/fi: 
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Design 
speed, 
percent 

50 

60 

70 

speed, memometer 

82.9 142 
190 
240 
290 
340 

116.6 I 198 

Nuniber of 
s tall  regions 
i n  stall 
pattern 
(determined a t  
axial stations 
2, 3, and 10) , 

h 

Rotation 
speed of 
Stall 
regions, 

fS 
h = A’ 

r p s  

47.3 
47.5 
48.0 
48.3 
48.6 

1 57.0 4 
56-0 

3 I 66.0 

S t a l l  speed 
t o  rotor 
speed rat io ,  

h 

0.571 
.573 
.579 
583 
.586 

0.562 
.572 

0 -566 

A s  shown in  the  table   the  rotat ional  speed of the stall  regions was 
approximately 0.57 of -the conpressor rotational speed for  a l l  the data 
obtained. The single-stage compressor data presented in reference 6 
indicated an increase i n  rotat ive speed of the stall regions w5th the 
number of stall  regions formed. 

c The  number of stall  regions h in each stall pattern was the same 
a t  axial stations 2, 3, and 10, and the frequency fs with which a stall 
region  passed an anemometer s ta t ion   for  any given stall  pattern was  the 
same a t  a l L  axial stations at  whlch data w e r e  obtained. 

The extent t o  which the stall regions spiraled as they  passed 
through the compressor was determined f r o m  the oscillograms of the ane- 
mometer signals by the m e t h o d  outlined fn appendix A. The accuracy of 
interpreting the oscillograms to  determine the angle E (see appendix A) 
was probably +Iso, and the angle E computed from the  oscillogram afd 
not exceed &Eo in any case, indicating little or no spiralFng of the 
stall regions. 

These data indicate  that  the stall regions w e r e  equally spaced and 
exknded completely  through the compressor and that the stall patterns 
were rotating about the axis of the colqpressor as a sol id  body with 
little, if any, spira- motion. 

Variation of wave form and emg1itud.e of stall fluctuations with 
axial and radial position. - A typical s e t  of oscillogram  obtained at  

(compressor operation points .F and G, ffg. 3) is shown i n  figure 4. In 
each oscillogram the top trace is from an anemometer probe a t   a x i a l  

- 60 percent of design speed w i t h  four stall  regions i n  the stall  pattern 

I 
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stat ion 2 (behind f i r s t  rotor) . The figure shows a comparison for  three 
radial   posit ions  ( t ip,  mean, and hub positions) of the amplitude. and 
wave form of the flow fluctuatiorq at-mcial stations 7 (after third sta- 
tor )  , LO (after f i f t h  .rator),  15 (after seventh s ta tor) ,  and 22 (after 
tenth  stator) w i t h  those a t  axial-station 2 (after f i r s t  rotor).  The 
amplitude of the  f-luctimtions  varies  considerably from the t i p   ( r ad ia l  
s ta t ion A) t o  thFhub (radial   s ta t ion E) a t  .axial stations 2 and 7 and 
is  nzarly the same a t  the t i p  (radial statfon A) and hub (radial sta- 
t ion  E) a t  axial   stations 10, E, and 22. 

The variation i n  wave form and amplitude of the fluctuation among 
the  top  traces  (all  obtained a t  axial   s ta t ion 2)  indicates the unsteady 
nature of s t a l l  regions  with  regard t o  wave form and amplitude o f t h e  
fluctuations. The harmonics of the fundamental of the stall  frequency I?, were attenuated.nore  than  the fundamental as the s ta l l  region passed 
beyond ax ia l . s ta t ion  10, and the fluctuations are nearly  sinusoidal in 
wave form a t  axial   stations 12  and 22 (see  figs. 4(h) t o  4( 1) ) , indicat- 
ing a mixing md spreading of the a i r  originally  involved i n  stall. 

The variation of the amplitude of the  fluctugtions of s t a l l  with 
axia l  and radial posit ion  for each s ta l l  pattern  observedat. th-speeds 
investigated is given in figures 5, 6, and 7 (50, 60, and 70 percent of 
design speed, respectively). In some cases the lines joining the data 
points are dashed, indicating lack of data in these regions. The ampli- 
tude of the flow fluctuation & V / g  at each axial  station  investigated 
divided  by ( 4 V / p V ) 2 ~  (radial station A a t  axial s ta t ion 2)  i s  plotted 
against axial distance m e a s u r e d  from a s ta t ion 1 Fnch upstream of the 
in le t  guide vanes. Each data point i s  the average of several  oscillo- grams, and consequently the  figures  represent the average axial varia- 
t i o n   i n  amglitude of the s t a l l r e g i o n  for each s ta l l  pattern  obtained. 
The largest fluctua=t;ions  occurred Fn the second, third, and. fourth  stages 
(axial measuring stations 5, 7, and 9) and the amplitude was considerably 
reduced i n  the exit   stages.  The f luctuatiom behind. the f i r s t  rotor 
(axial   s ta t ion 2) w e r e  not so large as those i n  the second, third, and 
fourth  stages; and a rather sharp  reduction i n  amplitude  occurred  acrosa 
the f i f t h  rotor  (axial   station 10) . 

A comparison of figures 5, 6, and 7 indicates that the amplitude af- 
the  fluctuations i n  the last   stage  are  larger with respect t o  the inlet 
stage a t  70 percent of design speed than a t  50 percent of design speed. 

I n  general, it was not  possible t o  determine which stage initiated 
the rotating stall  pattern.  In most cases, if the fhc tua t ions  of rotat- 
ing stall could be detected Fn one stage of the compressor they  could 
also  be detected  in any  other stage a t  the same frequency %. However, 
a t  40 percent of design speed a t  a high weight flow, rotating stall was 
clearly indicated  behind .%he second s ta tor   (axial   s ta t ion -5) b u t n o t  
detectable a t  all behind  the f i ra t  rotor (axial s ta t ion 2) or a t  any 

c 
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other  axial s ta t ion a t  which probes were  located. The higher amplitudes 
in the f i r s t  four stages indtcate tha t  the rotating stall originated in 
these  stages  as would be exgected frm stage matching considerations 
(see refs. 1 md 7) . Inasmuch as the fluctuations behind the f i r s t  
rotor (&a1 stat ion 2) were smaller in amplitude than a t   a x i a l  s t a -  
t ions  5 and 7, it may be concluded that ei ther  the s ta l l  did not  orig- 
U t e  in  the first stage or  if  it did the fluctuations  nere  amplified 
in the second and th€rd  stages. 

cu 
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The rotating stall patterns  obtained w e r e  of the type caused by a 
gradual stall along the  blade span initiated by a r o t o r   t i p   s t a l l  of 
one  of the f i r s t  three  or  four  stages.  This tspe of stall is  referred 
to  as  progressive stall i n  reference 7 and results in a gradual  decrease 
in stage  pressure  coefficient w i t h  reduction in  flow coefficient as 
contrasted  with the discontinuous drop in pressure  coefficient  obtained 
with simultaneous stall at a l l  radii (see refs 4 and 7). 

Effect of stator wake on anemometer signal. - The wave form of a 
stall  region  as  indicated  by an osci l logrm was quite indegendent of 
circur@ferentialposition a t   s ta t ions  2 and 10, which w e r e  behind rotors.  
Behind the f i r s t  s ta tor   (axial   s ta t ion 3), however, the wave form w a s  
affected  considerably  by the position of the anemometer probe with 
respect  to a stator blade wake. This effect i s  shown in figure 8. The  
top  trace in each  oscillogram i s  from a probe located midway between 
stator blades. In figure  8(a), the angular spacing of wires a was 
86' and, because there w e r e  four stall regions i n   t h e  s ta l l  pattern 
( A  n 4), the  fluctuations should  appear nearly i n  phase, as shown. A s  
the probe  producfng the lower trace w a s  moved angularly t o  increase a, 
toward 90' so that the fluctuations would appear in phase on the osci l -  
loscope, the wave form changed consfderably, as shown in   f igure  8(b) 
where a, e 88O. A t  this value of angular  spacing the stall regtons 
appear t o  be a region of increase of w e i g h t  flow rate rather than a 
decrease. In figure 8( c) where a is 92O, the indication of rotating 
s t a l l  on the l m  trace is rather indefinite. Because of this effect  
the  circumferential survey data obtained  behind the second s ta tor   (ax ia l  
station 3) w e r e  not used in the  determination of the number of stalls 
unless the a n g u w  spacing of the probes w a s  such that both probes w e r e  
approximately midway between blades.  Evidently  the flow pattern  within 
a stall  region has a pronounced effect  on the blade wakes  contained 
within the stall region. 

Rotating S t a l l  and B l a d e  Vibration 
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As discussed.  earlier i n  the  report  the stall frequency f s  
increased  practically  lFneasly  with speed far any particular stall pat--- 
t e rn  and, in   fact ,   the   rotat ianal  speed of-the stall regions was nearly 
independent of the number of s t a l l  regions i n  the stall pattern. The 
average  fundamental  bending frequencies of several of the blades i n  each 
blade row were determined experimentally and the  values are given in  
table 11. 

The fundamental  bending  frequency of rotor blaaes increases  with 
rotational speed because of the  stiffening  effect of centrifugal  force. 
The method used for approximating the  effect  of centrifugal  force on 
bending  frequency i s  given i n  appendix B. 

The r a t i o  of the stall frequency t o  the  blade fundamental  frequency 
fo r  the i n l e t  guide vanes, the f i r s t  stator,  and the f i rs t  rotor  plotted 
against  rotor speed i n  percent of design speed is presented i n  figure 9 
for  each s ta l l   pa t te rn  obtained. For the stator blades th i s   r a t io  i s  
fs/fb and f o r  the  rotor  blade, fS t/(fb)n where fs I (N-h) A I AN - rs 
In  the case of the stator  blades the contours for various values of A 
are  straight  lines  passing through the origin and in  the case of the 
rotor  blades  they are curved lines-because of the  increase of ( fb)n 
w i t h  compressor speed. Horizontal lines indicating  the  ratio  at  which 
resonance may occur with the fundamental stall frequency o r  its first 
two harmonics are included. The compressor speeds a t  which resonan" 
m y  occur are indicated by the  intersection of the  horizontal lines and 
the stall frequency lines. The surge l imiting  l ine included indicates 
the compressor speeds a t  which lines  separating the  various s t a l l  pat- 
terns intersect  the surge l i ne  i n  figure 3. A similar analysis was m a d e  
of the B t a t O r  and rotor blades through  the f i f t h  stage. The following 
table summarizes the resonant  vibration  conditions determined. St  i s .  
shown that the   in le t  guide mee and f i r s t s t a t o r  blades are the only 
blade rows that could  be excited t o  resonance by the fundamental of the 
stall  frequency fs or Fs!. Resonance w i t h  the fundamental would occur 
a t  44 and 59 percent of design speed i n  the in l e t  guide vanes and a t  41.5 
and 49 percent  ofaesign speed i n  the ffrst stator blades. 

(D 
m 
IC cu 
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. 

B l a d e  row 

Inle t  guide vanet 

F l r s t   ro tor  

F i r s t   s t a to r  

Second rotor 

Second s ta tor  

Third  rotor 

T h i r d  8 t a tor  

Fourth  rotor 

Fourth s ta tor  

Fif th   rotor  
Fif th   s ta tor  

Nuniber.. a. .stall 
regions i n  stal: 
pattern, 

h 

3 
4 
3 
4 
3 
6 
7 
3 
4 
5 
6 
3 
4 
4 
5 
7 
3 
4 
5 
6 
6 
7 
4 
5 
6 

7 
- 

J Speed at  which resonance is  
indicated in  percent  design 
speed 

Fundaments: 

59 
44 - - -- 
"" 

49 
41- 5 

"" 

"" - " - 
"" 

"" 

"" 

"" 

"" - " - 
"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

- - " 
"" 

"" 

F i r a t  
harmonic 
"" 

- " - 
51 

50 
"" 

"" 

"" 

"" 

52 
42 
70 
49.5 

"" 

"" 

49 
"- - 
- " - 
50 
46 

"" 

"" 

"" -" 
"" 

"" 

"" 

"" 

Second 
harmonic 
"" 

" - - 
42.5 
"" 

- " - 
"" 

56 
40.5 

"" 

"" 

"" 

46 

56.5 
45 

62 

"" 

"" 

46 -5 
"" 

"" 

51 
44 
62 -5 
4'9.5 
41 

49.5 
" - - I 

The inlet guide vanes w e r e  the only blades t o  exhibit  cracks evi- 
dently caused by vibrational stress. Aside from greater excitation 
force on the i n l e t  guide vanes due to resonance at  a higher compressor 
speed, the construction of inlet guide vanes rendered them more SUB- 
ceptible  to  fatigue.  The guide vanes were formed sheet metal surfaces 
silver-soldered to their bases; the stator  blades were machined from a 
sol id  block of m e t a l  and are consequently integral  with the bases. In 
addition, the sharp .corners and overhang of the guide vanes a t  the 
attachment t o  the blade  base, as shown in figure 10, would make the inlet 
guide vanes mucb  more susceptible  to  fatigue  than were the first stage 
stators.  
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The compressor has been operated a t o t a l  of 250 hours wlthout a 
fa i lure  of the   f i r s t   s ta tor ;  50 t o  75 hours of operation w e r e  a t  50 per- 
cent of design speed. The length of time epent a t  conditions where 
resonance with the f i r s t  stator was l ikely i e  not known accurately,  but 
it-probably exceeded 10 hours. This length of time is  suff ic ient=  to  
cause fa i lure  if the  vibratory  stress has exceeded the endurance 1hLt 
of the blade material, which w-as approxhately 40,000 pounds per square 
inch 

The vibration data o f  reference 5 obtahed on s ta tor  blades of 
approximately the same aspect  ratio and sol idi ty  as the blading used i n  
the   i n l e t  sta.ges in   the  compressor used i n  this investigation  indicate 
that the  vibratory  stress  excited by the harmonics of the stall  frequency 
was probably less than 20,000 pounds per  square  inch,  or less than half 
the endurance lhit of the blade &teriai .  However , . .  it should be poin-kd 
out that the  greatest source of excitation of the  rotor  blades from the 
progressive  type- stall exhibited  by this compressor occurred near the 
rotor   t ips  rather than new t h s p o i n t  of attachment. The stator blades 
used in this  investigation as w e l l  as  those used in the  investigation 
reported i n  reference 5 were attached to   the  compressor housing where 
the fluw fluctuatians were greatest. Consequently, greater  vibratory 
s t r e s s   a t  resonance with hammnics OF the. stall frequency may have 
occurred in rotors  than  in stators. In addition, the ro tor  blades  are 
subject t o  centrifugal  stress  in  addition t o  vibratory  stress. Inasmuch 
as  no fatigue  cracks were found i n  any of the rotor  blades 'after 
250 hours of operation, it is concluded tha t  the stresses due t o  any 
resonant  vibrations  excited Fn the  rotor blades coribined with the low 
centrifugal stress a t  the  resonant  conditions w e r e  of insufficient 
amgditude to  fatigue  the  blades. 

- . . . . . . . . -  

Eu 

c 

Surge 

The t e r m  surge i s  used herein t o  define  audible flow fluctuatione 
that   are   axial ly  symmetric as  contrasted  with  the flow fluctuations of 
ro ta t ing   s ta l l  which are  caused by law flow stall region6  revolving about 
the campressor axis. 

Surge-investigation. - The investigation of surge reported  herein 
was codined t o  50 percent of design speed. Attengts were made t o  obtedn 
surge data with hot-wire anemometers a t  60 and 70 percent of design speed, 
but  in most cases the w i r e  el-nt of the probes was broken during a 
single  surge  pulse. . -. - 

, .  - - 

The variation  in  inlet  stagnation  pressure  (axial  station 1, fig.  l), 
discharge  stagnation  pressure  (axial  station 23), and hot--wire anemometer 
output a t  the- t ip   rad ia l   s ta t ion  (radial stat ion A) behind the first 
rotor  (axial   station 2) durFng several  surge  pulses is sham i n  figure 11. 
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- The maxFmum decrease i n  compressor discharge  pressure during a surge 
pulse  divided  by  the compressor pressure rise a t   t h e  surge  point was 
0.75. The mximum amplitude of the  fluctuation in  the  inlet  stagnation 
pressure  divided  by  inlet  pressure APS/Po was 0.1 and there were c 

4 co 
(J, 

four m e d  pressure waves per  surge  pulse.  Evidently  these  pressure 
waves in the   in le t  system w e r e  caused  by the sudden reduction in weight 
flow rate pV a t  the beg- of the surge  pulse, as hdicated by the 
hot--e  anemometer trace. Note that the weight flow rate was maxFmum 
when the compressor discharge  pressure was a mininum and exceeded the 
value of weight flaw ra t e   p r io r   t o  the surge  pulse. 

Motion pictures of the hot-wire anemometer output w e r e  tetken during 
surge. Str ips  of these motion pictures showing the weight flow ra t e  
variation with time a t  three  radial   posit ions behind the f irst  rotor 
(radial positions A, C, and E a t  axial s ta t ion 2) are shown in figure 12. 
The l e f t  end of each fi lm shows the  fluctuations of rotating s ta l l  with 
frequency fS of 340 cyck-s  per second with h - 7 .  The larger fluc- 
tuations  that  occm as the weight flaw begins t o  drop ind.icate a change 
in type of stall. 

The data indicate that the  relatively low frequency surge was 
instigated by  a s ta l l  region  extending over the entire  radial   distance 
from blade t i p  t o  blade  root  with a s t a l l  flrequency fs of about 
30 cycles  per second. Also, this root-to-tip stall resul ts  in a discon- 
tinuous drop in stage  pressure  ratio and consequently h the over-all 

pressor  pressure rise that causes the conpressor t o  surge is  suggested 
i n  reference 7. With this colnpressor it appears that, a t  the lowest 

had spread  out t o  cover the complete compressor annulus. AB the weight 
flow rate increases during the surge  pulse  the compressor discharge 
pressure  continues t o  decrease, as shown in figure 11. When the weight 
flow ra t e  at  all radial   s ta t ions except rad ia l   s ta t ion  A had exceeded 
the value prior t o  the  surge  pulse, a sharp increase in we-t flow ra t e  
was indicated just as  the compressor dlschaxge pressure  reached.a min- imum. As the weight flow r a t e  decreased  again,  the  fluctuations of 
ro t a t ing   s t a l l  with three s ta l l  zones and a frequency fs of 140 cycles 
per second appeared on the film. The weight flow r a t e  continued t o  drop 
and the compressor discharge  pressure t o  increase to the value pr ior   to  
the  surge  pulse, md then  the  cycle  repeated; 

- cowressor  pressure  ratio. That it is this discontinuous drop in  cm- 

- weight flow r a t e  obtained  during  the  surge  pulse, the single stall region 

Strip6 of motion pictures of the  oscilloscope taken during surge 
showing the hot-wire anemometer output from probes located  behbd the 
f irst  rotor   (axial   s ta t ion 2) ,  behind the th i rd  s ta tor   (axial   s ta t ion 7), 
behind the seventh s ta tor . (ax ia l   s ta t ion  E), and behind the tenth sta- 

were a t  the  radial   s ta t ion A (see  table I), and the upper trace of each 
film s t r i p  is the output of the anemometer behind the first rotor  (axial  

- t o r  (axial s ta t ion 22) are shown i n  'figure 13. In all cases the probes 

- 
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station 2 ) .  Each oscillogram  shms  the  fluctuations of rotating stall 
w i t h  frequency fs of 340 cycles  per second and h of 7 a t  the left 
end of the  figure and the  large  rotating stall (root-to-tip stall) a t  
the beginning of the surge  pulse. The shisrp r i s e  i n  weight flaw rate- 
indicated near the  center of each oscillogram is ale0 i n  evidence a t   a l l  
axial   stations except  behind the f irst  ro;tor. 

The information  obtained was fnsuff$cient  to determFne which stage 
in i t ia ted  the single stall  pattern due to  .root-to-tip stall. Although 
several oscillograms w e r e  studied, no de conclusion can be drawn. 
As a s t a l l  regLon farms i-t; evidently  spr and circumferen- 
tially while rotating about the  coqresspr  axis. Inasmuch as the me---- 
mmeter probes at-the various axial stat o m  were each In a d i f i e n t  
meridional  plane, the first probe t o  Fndifcate B the s t a l l  region depended 
upon the  circumferential  position a t  wb;ch the stall region  started it6 
formation. I 

I ! I 

i 
I Figure 14 shows the development of!the +ge stall region  at-the 
1 beginning of the  surge  pulse i n  somewha$ more detail than do figures I2 

and 13. The upper trace is fr& an ane#nometer probe  behind the f i f t h  
ro tor  and. the lower trace, from a probe,'behFnd the first rotor (a = 185O) 

f i r s t  W g e   s t a l l  region t o  pass an a n v t e r  probe appeared in  8,n early 
1 ' . For these oscillograms  the  film speed fa6 increased. I n  figure U the 

i 

t about" compressor axis) well developed n the trace  obtained from behind 

' stage of .development behind the f i f t h  rotor, but i s  sham sl ight ly  later 
I i n  tFme ( t h e  required  for appr0ximate)r 1/2 revolution of stall region 

I '  the first rotor (lower trace) By the! time the stall  region had made P 9 

! 

I . another . l / Z  revolution  about  the  coqressor 8 x 3 s .  and encountm.ed the 1 

i probe i n  the-f i f th  stage-  again, it hac# spread  circumferentially t o  cover 

i practically  the coqlete annulu~. Al$hough the &ata did not indicate 
which stage  init latea the root-to-tip! stall,. the &ta..of  reference 4 asd 

I the  discussion of reference 7 suggest  tha;t"oot-to-tip s t a l l l s  more 
i l ikely to occur i n -  the high  hub-tip r, h t io   s tages  .used i n  the rear half 

o f  the compressor than in  the- inlet s,$ages. 
I -  

I 
r 

Discussion i of Surge 

The hot-wire anemometer data obtEclned during  surge  suggest that 
the flow fluctuations of surge a re   thezesul t  of cyc l ic   s ta l l  and stsll 
recovery, a8 discussed i n  reference-?. The surge  cycle i s   i l l u s t r a t ed  
i n  figure E, sharlng the  discontinuous drop i n  pressure r a t lo  at stall 
and the discontinuous r i 6 e . u  pressure  ra t io   a t  stall recovery'. Inas- 
much as a  discontinuous drop in  the conxpressor's ab i l i t y  to develop 
pressure due t o  root-to-tip .stall resul ts  in a momentary unbalance of 
receiver  pressure, compressor stall resul ts  i n  a flow transient  as 
shown in   f igures  U. t o  13. The sequence of events shown i n  figures 11 
t o  13 indicates  the formation of' the  single stall zone due t o  root-to- 
t i p  stall, followed by a reduction in  flow rate due to  the momentarily 
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- 
excessively  high  receiver  pressure. The flow r a t e  then  overshoots  the 
value p r i o r   t o   s t a l l  and stall recovery  occurs. Stall recovery  results 

pressure has f a l l en  somewhat by  the time stall recovery  occurs. Follow- 
ing ,stall recovery  the campressor discharge  pressure  increases and the 
flow r a t e  decreases  til condLtions a t  the stall point  are reestab- 
lished. S t a l l  again occurs and the surge  pulse is repeated. 

- in a sudden increase i n  flow rate due t o  the fact that the receiver 

co The data of reference 4 and the discussion i n  reference 7 indicate 
that' the amglitude of the flaw variations during the  transient follarLng 
stall depends on the volume of the receiver into which the  cmQressor 
is discharging. The multistage compressor data of reference 4 show that 
operation with a large  receiver volume resulted in a sufficient weight 
flow rate overshoot  during  the  transient f o U m n g  stall to effect  stall 
recovery and consequently  surge, whereas the flow transient following 
stal l  i n  operation with a small receiver was insuff ic ient   to  cause stall 
recovery. T h i s  dependence on receiver volume is  discussed in some detail 
i n  reference 7. The effect  i s  further illustrated by the jet-engine data 
of references 12 and l3, which indicate compressor s t a l l  without surge. 
Presumably, the  burner volumes used were sufficiently small t o  prevent 
stall recovery  during  the flaw transient following stall. 

- The resu l t s  of the hot-wire anemometer investigation of the flow 
fluctuations of s t a l l  in'= MACA 10-stage  research  compessor at com- 
pressor speeds of 50, 60, and 70 percent of design speed and of surge 
at 50 percent of design speed may be summarized 8s follows : 

1. A t  50 percent .of design speed, the flow f luctmtions of rotating 
stall were found at the  largest weight flow investigated. As the weight 
flow was reduced the nunher of stall regions i n  the pattern changed fm. 
a m"lm of three t o  a maximum of seven near  the  surge  point. A t  
60 percent of design speed only the stall patterns  with  three-esd four 
s t a l l  regions were obtained, and at 70 percent speed only  'the stall ' 

pattern with three stall regions w&s found. 

2. For all stal l  patterns obtained t h e   s t a l l  regions had a rotative 
speed of approximately 57 percent of the rotor speed, and stall regions 
pass through the compress'or Fn the axial direction with Uttle, if  any, 
sp i r a l  motion. 

3. The amplitude of the flow f luctmtions of stall  was greatest Fn 
the f irst  four  stages; but  fluctuations w e r e  present i n  the tenth stage, 

w h a t  with  radius. The stage or  stages  Fnitiating  the  rotating stall were 
not  identified. 

c and the amplitude of the f1uc tua t ions .h  the inlet  stages  varied some- 

- 
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4. An analysis of the possibil i ty of campressor blade vibration 
indicated  that only the   inlet  guide vanes and first s ta tor  were in 
danger ofresonant  vibration w i t h  the fundamental  frequency of the stall 
pattern. O t h e r  blade rows may have been i n  resonance with t h e  first- or 
second harmonic of the fundamental. Only the   in le t  guide vanes, however, 
suffered from a fatigue  failure. 

5. The hot-wire anemometer and pressure  transducer data obtained 
during surge a t  50 percent of design speed indicate that the  surge  pulse 
is in i t ia ted  by a general breakdown  of the flow in the compressor  which 
results in  a,'stall pattern wlth a single stall region which extends f r o m  
compressor i n l e t  t o  discharge. A t  the ml.n-ium flow during the surge 
pulse the-stall region M spread t o  cover the c&$lete annulus of the 
coxogressor. The weight-flow then  increased t o  a value greater than that 
at stall  a t  which time the weight flow suddenly increased  further due $0 
stall recovery a& then gradually decreased to   the  value- for stall; the 
cycle was then  repeatea. The comgressor discharge  pressure drop during 
a surge  pulse was 75 percent of the compressor pressure rise prior t o  
surge. 

Lewis Flight Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Committee far Aeronautics 

. 
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APPEWDIX A * 
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CAZX=ULATION OF ROTATING STALL PATH FROM STAGE TO  STAGE 

In addition t o  cdcula t ing  the nuniber of stalls present i n  the com- 
pressor, it is of in te res t  in an investigation of a multistage compres- 
sor t o  know the twist of the  path of the  rotating stall region along the 
axis of the compressor. As described i n  reference 4, the nmiber of stalls 
i n  any particular  stage may be calculated f r o m  a howledge of the angu- 
lar displacement between the hot-wire anemometers  and the phase shift of 
the corresponding traces on the  oscillogram. Similarly, it i s  possible 
t o  calculate  the  spiral  of a rotating stall region as it extends through 
the compressor from a particular  peripheral  reference  position. 

Tf in   f igure E rotating stall region a i s  detected by wire I, 
the  rotating s ta l l  region at axial  distance z downstream of wire 1 may 
have spiraled some angular displacement E from the original  position 
upstrean. The detection of rotating stall region a by w i r e  2 '  dis-  
placed a degrees from wire 1 results i n  a phase sh.ift X *  of the  hot- 
wire anemometer traces on the oscFllograrn as shown i n  figure 19(a). If 
the hot-wire anemometers had been in   t he  same stage,  say a t  z = 0, and 
displaced a degrees, a time increment X between the appeaxance of t he  
s t a l l  region on one probe and i t s  appearance on the other probe would be 
found, as  described i n  reference 4. This shift  is shown by the dashed 
curve in  figure 17(  a)  

The relat ion of the  rate of this time  increment t o  the stall period 
l/fs is 

Y = X f S  o r  y" = X"fS 

and the r a t i o  of the  angular  displacement between hot-wire anemometers 
and the  angle between rotating stalls a / V  is  a l ine= one, as shown in  
figure 19(b), and the  l ine has a slope of 1. The difference between the 
value Y", represent-  the phase sh i f t  i n  the case of hot-wire anemom- 
eters  z axial  distance  apart, and Y, representing w h a t  the phase shift  
would have been had the hot-wire a n e m o m e t e r s  been b the same plane, i s  
a measure of the  spiraling of the s ta l l  region.  Since both  Y" and Y 
against a/v are linear and a <7> = " dy" = 1, Y - Y'' = c /v ,  as 
shown in  figure  19(b). The example shown is for  E measured a8 positive 
in  the  direction of s ta l l   ro ta t ion .  The determination of a rotating 
s t a l l  region  spiral can be made as shown previously from a knowledge of 
the  rotat ing  s ta l l  phase sh i f t  between two  hot-wire anemometers i n  a ref-  
erence  stage and i n  some stage axial distance z downstream. 

dY 
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DETERMINATION OF FUNDAMENTAL FREQUENCY OF COMPRESSOR 

BLADES IN BENDING 

The fundamental bending frequency of the  blades  in each  blade row 
was determined by  exciting a number aP blades i n  a particular  blade row 
t o  resonance  with a magnetic exciter and determining the average f r e -  
quency among those  blades. A list of- the average OF the fundamental 
frequencies of the  blades i n  each black row is given in   table  11. 

The fundamental  bending frequency of the  rotor  blades is increased 
by the  stiffening  effect of the angular velocity of rotat ion.  The rat-lo 
of the fundamental  bending  frequency with campressor rotation  (fb)n to 
that  w i t h  no rotation  (fb)st i s  given  by  reference 14 as 

The factor f3 depends on the taper and the ratio of hub radius t o  
blade length. The ro tor  blades used In the compressor under investiga- 
t ion were not  tapered and the h ~ - t i p   r a t i o  of the blades at midchord 
w a s  determined from information  presented in  reference 9. The appro- 
pr ia te  values of f3 for each r o t o r  blade were taken from the  table on 
page 386 of reference 14. 
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TABU I. - LOCATIONS OF D A W  SURVEYS 

Axial Radial. posit ion,   ratio of Preceding 
s ta t ion radius t o   t i p  radius, r blade row 

I I 

2 
3 
5 
7 
9 
10 
15 
22 

Firs t   rotor  
F i rs t   s ta tor  
Second s ta tor  
Third stator 
Fourth s ta tor  
Fif th   rotor  
Seventh s ta tor  
Tenth s ta tor  

.98 

.98 

.98 

C 
Hvib Mean 
E 

0.82  0.64 
.83 -66 
.85 

. 94  .96 

.89 .93 

.81 .90 

.79 .89 
075  .87 
.71 

Blade row 

Inlet guide vanes 
F i rs t   s ta tor  
Second s ta tor  
Third stator 
Fourth  stator 
Fif th   s ta tor  
Sixth  stator 
Seventh s ta tor  
Eighth  stator 
Ninth s ta tor  
Tenth s ta tor  
Exit guide vanes 

Natural B l a d e  row 
frequency 

fb 

168 Firs t   rotor  
284 Second rotor 
376 ThircLrotor 
532 Fourth rotor 
714 . Fifth  rotor 
1016 Sixth rotor 
1452 Seventh rotor 
2126 Eighth  rotor 
2946 Ninth rotor 
4360 Tenth rotor 
6030 
6370 

250 
322 
444 
618 
664 
1216 
1794 
2576 
3572 
56 90 

. 
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Figure 2. - Over-a l l   compre~~or   per formance  map. 
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Figure 3. - Over-all oompreEEOr perfonname map showing coditions at whiah rotat- 
ing stall ooourred. 
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( a )  Hot-wire anemmeter a t  oompreeeor caeing (radial position A) and oompreeeor operating 
a t  point= (fig. 3 ) .  upper traoe after f tmt  rotor  (etation 2, f i g .  X), A ~ V / ~ V  = 1.12; 
lower trace  af ter   thi rd   s ta tor   (s ta t lon 7, f ig  . 1) , ApV/fl = 1.43. 

(b) Bot-wire anemmeter at .canpressor mean radim. (radial  position C )  and ompreeeor 
operatfng a t   m i n t -  G (fig. 3). Upper trace after f i rs t -  rot= (etation ZL fig. l), 
ApV/pT = 1.10; lmer   t raoe after thi rd  s ta tor   (e ta t ian 7, fig. I), ApV/pV E 1.16. 
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(d) Hot-wire anamameter a t  compressor casing (raBlal position A) and compressor operating 

a t  point F (fU. 3). Upper traoe after first rotor  (station 2, fig. l), ApV/p8 = 0.97; 
lower t race  af ter  f i f t h  rotor  (station LO, f&. l), ApV/pT = 0.61. 

(e) Hot-wire  anemmeter at  
operat- a t  point F (fig. 3). Upper trace after first &to? ( s t a t i m  zL f i g .  1) , 
ApV/PT = 0.75; larer t race  af ter   f i f th   rotor   (s ta t ion 10, fig. l), ApV/pV = 0.60. 

Time - c-32510 

(f)  Hot-wire anemameter at compmssor hub (radial  position E) and canpressor opes t ing  
at point F (fig. 3). Upper trace a f t e r   f i r s t   r o to r   ( s t a t ton  2, fig. I), APV/PV = 0.30; 
lawer t race  af ter  f i f t h  rotor  (station 10, f i g .  l), ApV/pT = 0.42. 

Flgure 4. - Continued.  Hot-wire anemometer oscillograms of rotating stall a t  three 
mdli and various axial psiti- in qompreseor. Capresear rotative speed, 60 per- ’ 
cent of deal@ speed; stall pattern A ,  4; stall frequency fa,  228 oycles per second. 
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(h)  Hot-wire enemmeter a-uampreesor mean radius (ram1 position C) a H  compressor 
operating at point- G (figp 3). ~ p r  tmce after firat rotor  (station 2, f i g .  1), 
ApV/pi = 0.85; bwb!t? treoe after seventh s ta tor  (station 15, f ig .  r), ApV/pV = 0.53. 

C -  3251 1 

(i) Hot-wire anemmetar a t  oompressor hub (radial positipn E) and cclanpressor operating 
a t  point G (fig. 3). Upper trace after first rotor  (etation 2, f ig .  l), ~pv /pT  = 0.28; 
lower trace dter seventh stator  (station 15, fig.  l), ApV/p? = 0.30. 

Figure 4.  - Continued. Hot-wire anemcaneter oscillograms of rotating stall a t  three radii 
and various axial positions in ompressor. Compressor rotative speed, 60 prcenm 
design speed; stall pattern A, 4; stall frequency far 22% cyohs per second. 

c 
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( 3 )  Hot-wire anemmeter at compressor casing (radial position A) and compressor p r a t i n g  
a t  point G (fig. 3). Qpr trace  af ter  fFrst rotor (station 2, f Q. I), ApV/pV = 1.14; 
lower t race  af ter  t e n t h  s t a t o r  (station 22, fig. l), ApV/pi = 0.51. 

(k) Hot-wire anemoaneter a t  compressor mean radius (ram1 p o e l t l o n  C) and campeesor 
operating at point G (fig. 3). Upper tmce   a f te r  first rotor ( s t a t i m  2, f&. l), 
ApV/$ = 0.74; lmer trace after  tenth  stator (stetion 22, f ig .  11, ApV/pT = 0.43. 

B 
325 

(1) Hot-vLre anemmeter at compressor hub (radial  position E) and compressor operating a t  
point G (fig. 3). Upper t race  af ter  flrst rotor (statLon 2, fig. l), ApV/S  = 0.32; 
I m r  trace  after  tenth  stator  (station 22, fig. I), ApV/pT = 0.39. 

Figure 4 .  - Conclude&. Hot-wire anemmeter osoillograme of rotating stall  a t  three 
radii and various axial  poslticme in compressor. Ccmrpreseor rotative speed, 60 per- 
cent of design speed; stall pattern A, 4; stall  frequency f,, 228 cycbe per second. 
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4 8 12 16 20 24 28 32 36 
Mal length, z, in. 

(b) Stall frequenoy fs, 190; s t a l l  pattern X, 4. 

Figure 5. - Continued. Variation in  flow fluotuation with arlal dimtame in  
oompremor at  t w e e  radii for compressor rotative speed 50 peroent of 
deerign speed. 
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( 0 )  Sta l l  frequenoy fs, 240; eta11 pattern A, 5. 

Figure 5. - Continued.. Variation i n  flow fluotnation with axial dietame in 
oompreaeor at three radii for oampreseor rotative  speed 50 peroent of 
deeign epeed. 
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(a) Stsll frequenoy fs, 290; s t a l l  pattern A, 6. 

Figure 5. - Continued. Varh t lon  In flow fluctuation vith axial distance In 
campreseor a t  three radii for oompreesor rotat ive speed 50 percent of 
aes* speed.  
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Figure 5. - Conoludeb. Variation in floa fluatuation with axial bietanoe in 
capresoor  a t  three mail f o r  compressor rotat ive speed 50 percent of 
design speed. 
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Axial length, z, in .  

(a) B t a l l  frequency fs, 168; stall pattern h, 3. 

IFigure 6. - Variation  in Plow fluotuation with axial  distance in omprweor 
a t   t h ree  radii for cmpreesor  rotative speed 60 percent of deelgn sped. 
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Axial length, z, in. 

(b) Sta l l  frequenoy fs, 228; etall pattarn A, 4. 

6. - Conoluded. Variation i n  flow fluotuat ion  xi th  axlal dietame In 
oompreaeor st three radii  f o r  ompreeeor m t a B i v e  epeed 60 peroent of design 
speed. 
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Figure 7. - Variation in flow fluctuation with axial distance i n  canpressor 
at three radii for ccmpreesor r o t s t i v e  epeed 70 w e n t  of design speed. 
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Time - 
(a) Angle between anemometer pmbee al 8S0.  

Time - 
(b) Angle between anmameter probes a,. 8 8 O .  

( 0 )  Angle between anemmeter probes u, 92'. 

Flgure 8. - Hot-wire  anemmeter  oeoillogram Bhawing olrcunferential survey 
through aagu la r  positions after first etator. Radius ratio r, 0.9; stall  pettern 
A ,  4; etal l f requency-  fs, 190 oyclee per 08Col lb ;  ocaqpreeeor rotative eped  SO per- 
cent of design speed; and. ccmrpressar oprating poht H (fig. 3). 
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(a) Inlet guide vanes. 

Figure 9. - Variation of ratio of 8- frequemy to nakrral bending fke- 
quenoy with  percent design sped. 
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(c) Firs t  r o t o r  m. 
Figure 9 .  - Concluded., Variation of ratio of s t a l l  frequency 

to natural  bending frequency with pePcent design speed. 
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